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The problem of pattern formation in resonantly-enhanced near-field lithography by the use of 
dielectric or plasmonic planar resonators is investigated. Sub-diffraction- limited bright or dark 
spots can be produced by taking advantage of the rotational invariance of planar resonators. To 
increase the spatial bandwidth of the resonant enhancement, an array of coupled planar resonators 
can open up a band of Bloch resonances, analogous to coupled-resonator optical waveguides. 



A major limitation of current near-field imaging sys- 
tems is the extreme proximity between the detector and 
the object. In lithography, biological imaging, and opti- 
cal data storage applications, any contact with the litho- 
graphic mask, biological sample, or optical data storage 
medium potentially causes damage and is undesirable in 
practice. The detector is usually required to be close be- 
cause the subwavelength information of the object is car- 
ried by evanescent waves, which decay exponentially. To 
increase the working distance, evanescent waves can be 
amplified by passive optical resonators, such as dielectric 
slabs jll, [2I , photonic crystals |3| , plasmonic slabs 0, [5|, |6| , 
and negative-refractive-index slabs 01 • The magnitude of 
the amplification is proportional to Q, the quality factor 
of the resonance [2] , making the use of low- loss dielectric 
structures most promising for near-field imaging appli- 
cations in the near future. Since the spatial bandwidth 
of each resonance is inversely proportional to Q, how- 
ever, a resonator can only amplify certain sinusoidal pat- 
terns. An ideal lossless negative-index slab would not 
suffer from this trade-off, but such a material is impossi- 
ble to fabricate by current technology. 
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FIG. 1: Left: Evanescent wave coupled into a resonance mode 
can be enhanced on the other side of the resonator. Right: For 
an infinite planar resonator, the resonance modes lie on circles 
in the transverse spatial frequency domain due to rotational 



mvariance. 



Fortunately, complex patterns can still arise from the 
superposition of sinusoidal waves in an ordinary res- 
onator, thanks to Fourier. Consider a planar resonator. 



such as a dielectric or plasmonic slab, in the x — y plane, 
as shown in Fig. [TJ An evanescent wave decaying in z 
and impinging upon the resonator can be amplified, if its 
transverse wave vector, k±^ = kxX + kyy^ coincides with 
that of a resonance mode. Because an infinite planar res- 
onator is rotationally invariant, the resonance condition 
depends on the magnitude of but not the direction of 
k^. Hence, a planar resonator always possesses a contin- 
uum of azimuthally degenerate modes. In practice, the 
finite size of the resonator means that the system is not 
strictly rotationally invariant, but the approximation is 
expected to be accurate for modes near the center of a 
large resonator. 

Exciting all the azimuthally degenerate modes pro- 
duces evanescent Bessel beams [7], which can be espe- 
cially useful for lithography. The Bessel modes can be 
excited, for example, by placing a solid immersion lens 
[8] near the resonator [2|] . For the transverse-electric (TE) 
resonance modes, the free-space electric field in cylindri- 
cal coordinates (p, (/), z) is in general given by 



J — TT 



dO 



psm{(j) — 6) -\- 0cos(0 — 0) 



X f{6) exp [ik_\_pcos{(j) — 0) — nz] , (1) 



where f{6) is an arbitrary complex function, is the 
magnitude of k^ of a resonant mode, which must be 
larger than the free-space wavenumber k^ = cj/c, and 
K = {k\ — k^Y^'^ is the decay constant. Apart from the 
exponential decay, the evanescent Bessel beam shapes 
remain invariant along so one can put the detector 
or the photoresist farther away from the resonator and 
still observe the same, albeit attenuated, profile. Setting 
f{0) = 1, for instance, gives a first-order Bessel beam. 



E{p,, 



■ i4>Ji{k±p) exp(— /^2;), 



(2) 



which has a subwavelength dark spot in the middle. 
As the resonator is also translationally invariant in the 
X — y plane, we can destructively interfere the first-order 
Bessel beam with one slightly displaced in x and obtain 
a "dipole" resonance mode. 



d r-, 



dx 



(t>Ji{k±p) exp(— /^z). 



(3) 
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which has two dark spots separated by a sub-diflFraction- 
Umited distance of 3.68 /k±. The two examples of TE 
Bessel raodes are plotted in Fig. [2l Other resonant pat- 
terns are clearly possible by specifying /(^), or equiva- 
lently, superimposing displaced Bessel modes. 




FIG. 2: Free-space electric energy (top row) and electric field 
(bottom row) plots of the TE first-order Bessel mode (left 
column) and the dipole mode (right column). 

For the transverse-magnetic (TM) modes, on the other 
hand, the free-space electric field is 



E{p, 0, z) 
dO 



ik I 



pcos(0 — 0) — (/)sin(0 — 0) -\- z 



X f{0) exp [ik±pcos{(l) — 0) — kz] . 
For f{e) = 1, 



(4) 



E{p, (l),z) =i 



k± 

pJi{k±p) + z — Jo{k±p) 



ex.-p{—f<iz). 



(5) 



The beam profile depends on k±. In the diffraction limit, 
k± = ko^ the p component vanishes, and the beam profile 
contains a diffraction-limited bright spot. In the super- 
resolution limit, k± ko^ the total electric- field energy 
is the incoherent superposition of the two polarizations, 
which has a smoother beam shape but a slightly wider 
peak than the zeroth-order Bessel function. A TM dipole 
mode can also be obtained by differentiating Eq. ([5j) with 
respect to x. The TM Bessel modes are plotted in Fig.[3l 
Despite the presence of Bessel modes, near-field pat- 
tern formation with just one value of k± is still fairly 
limited. In particular, the side rings of Bessel modes are 
undesirable for lithography. Here we show that an ar- 
ray of coupled planar resonators can provide a band of 
resonance modes that help solve this problem. 
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FIG. 3: Free- space electric energy plots of the TM zeroth- 
order Bessel mode (top row) and the dipole mode (bottom 
row) in the diffraction limit (left column) and in the super- 
resolution limit (right column). 




FIG. 4: Coupled planar resonators possess Bloch resonances 
that enable evanescent- wave amplification for continuous 
bands of spatial frequencies. 



The physics of periodic layered media is well known 
[1, [l^ . For simplicity, we study the problem in terms of 
light propagation along x in coupled waveguides, the su- 
permodes of which are identical to the resonance modes 
in the evanescent coupling geometry in the limit of weak 
coupling and lossless media, since the approximations 
used are identical in both cases. Consider an array of 
N identical planar resonators with period A along as 
depicted in Fig. [H To be specific, we shall consider the 
TE polarization only. Let the permittivity of one res- 
onator be e'{z)^ and the electric field be 

Ey{x, ^) = ^ An{x)8Q{z - nA) exp(z/cxo^), (6) 

n 

where £o{z) is an unperturbed eigenmode electric field 
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of the resonator with e'(z), normahzed according to 
[k±o/{2ujiJ.o)] J^^dz[Eo{z)]'^ = 1, and k±o is the spatial 
frequency along x of the unperturbed mode. Invoking 
the weak coupling approximation, we obtain [llj 



dAn 
dx 



i(3An + n{An- 



■An. 



(7) 



where p ^ /^^ dz[e(z) - e\z)][£^{z)f and 7 = 

(cj/4) j^^ dz[e{z) - e'{z)]8Q{z)8Q{z - A). The coupled- 
mode equations for the TM polarization are the same, 
with slightly different definitions of (5 and 7. The N 
coupled-mode equations ([7j) give rise to N supermodes. 
In the limit of infinite A/", the supermodes become Bloch 
modes, 

ax = An ex.p{—inKA)^ (8) 

n 

aK oc exj[)[i/3x + 2z7cos(i^A)x], (9) 

which exist in a continuous band of spatial frequencies, 
with a width controlled by the coupling constant 7, 



k±o ^ P - 2j < k± < k±o ^ P ^ 27. 



(10) 



The coupling constant can be manipulated by varying the 
distance between each pair of resonators or changing the 
permittivity of the gap material. In the evanescent cou- 
pling geometry, the Bloch modes enable evanescent- wave 
amplification for a band of spatial frequencies around the 
resonance of one planar resonator. 

The physics of coupled planar resonators in the spa- 
tial domain is analogous to the coupled-resonator optical 
waveguide (CROW) in the time domain [12], in which 
an array of coupled high-Q resonators open up a band of 
resonant frequencies. Due to rotational invariance, the 
Bloch theory is valid regardless of the direction of k±^ 
so the circles of resonances in the spatial frequency do- 
main for one resonator become thick rings for coupled 
resonators, as depicted in Fig. [H Furthermore, although 
our focus here is monochromatic light, coupled planar 
resonators are also a CROW in the time domain, and 
should therefore allow resonant transmission of three- 
dimensional spatiotemporal information. 

The magnitude of evanescent-wave amplification by 
each supermode can be roughly estimated by compar- 
ing the energy of the supermode and the power dissipa- 
tion, using the method described in Let F be the 
evanescent-wave refiection coefficient of the stack. When 
an incoming evanescent wave is resonantly coupled to the 
structure, the stored energy in each supermode is ap- 
proximately proportional to A/'Im{F}^, while the power 
dissipated at resonance is proportional to Im{F}. Using 
the definition of Q, the maximum magnitude of F, after 
appropriate units are introduced, is hence on the order 
of Q/N. The magnitude of the evanescent- wave trans- 
mission coefficient is approximately the same as Im{F} 
at resonance. 



The possibility of anomalous diffraction due to Bloch 
dispersion or a negative 7 may also be useful for imag- 
ing. One way of investigating anomalous diffraction is 
to take the limit of infinitesimall y th in layers and a pply 
the effective medium theory [13],li3, E H [13, HlU, 
but the effective medium approximation is unable to 
account for resonant enhancement. A Bloch theory 
in more complex geometries, such as those studied in 
Refs. 



Til . [Til . [TtI . 0, [T^, will be of fundamental inter- 



est. Nonlinear propagation in periodic media is another 
interesting topic [20] , although the problem has not been 
studied in detailed in terms of the evanescent coupling 
geometry. The new physics that arises from nonlinear 
optics may lead to further improvement of resonantly en- 
hanced near-field lithography. 
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